We have developed a new approach to constructing large aperture optical switches for next generation inertial confinement fusion lasers. A transparent plasma electrode formed in low pressure ionized gas acts as a conductive coating to allow the uniform charging of the optical faces of an electro -optic material.
Introduction
System architectures for very large inertial confinement fusion lasers require active optical elements with apertures on the order of one meter.1 Large aperture optical switches are needed for isolation of stages, switch -out from regenerative amplifier cavities and protection from target retroreflections. No conventional optical switch technology is scalable to such large apertures. Pockels cells with ring electrodes2 require crystal thickness comparable to the aperture. Thin crystal Pockels cell designs using transparent conducting metallic films3 or liquid layers4 have also been proposed, but have unacceptable resistivity at large apertures or are not appropriate for use with high intensity laser beams. Other approaches include fast Faraday rotators5 or transient volumetric thermal gratings,6 but still require major technical developments before their feasibility can be evaluated.
We are pursuing a promising new approach to large aperture electro-optical switching which utilizes transparent plasma electrodes.7 A thin electro-optical material is exposed to a glow discharge plasma on each face. The plasma acts as a transparent conductive coating allowing uniform charging of each surface to the required potential. Thus, high aspect ratio electro -optic cells can be constructed.
These might include Pockels cells using linear electro -optic effects in crystals, electro-optically tuned second harmonic generation cells, and quasi-transverse Kerr cells with quadratic electro -optic liquids and glasses.
We have demonstrated the plasma electrode concept with a 5x5x1 cm KD *P Pockels cell and are studying plasma characteristics at this aperture and in a 20x20 cm discharge chamber. We have also demonstrated an electro-optically tuned second harmonic switch using Type I KDP in the longitudinal Pockels' configuration.8 Presented below are recent results for a 5x5 cm Pockels cell with plasma electrodes and considerations for scaling to larger apertures.
The Four Electrode Geometry for Plasma Electrode Cells
The most promising geometry for Pockels type cells with plasma electrodes is illustrated in Fig. 1 .
A pair of electrodes on each side of the crystal is used to establish the initial sheets of glow discharge in low pressure gas covering the entire optical aperture. Since the current flows parallel to the crystal, no electric field is applied along the optical axis and the pre-ionization current does not affect the polarization of the transmitted optical beam. One pair of electrodes can then be used at a later time, once the desired plasma conditions are established, to charge up the crystal to the required voltage.
This four electrode design allows one to establish the initial plasma conditions independently of the voltage pulse requirements for electro -optic switching.
Unlike the metallic film or liquid conductors, a plasma is a very nonlinear medium and there are regimes of operation which are highly undesirable.
For example, with insufficient pre-ionization, a large jitter in switching time is observed, and copious amounts of r.f. radiation are generated by the cell. At moderate pre-ionization levels plasma Introduction System architectures for very large inertial confinement fusion lasers require active optical elements with apertures on the order of one meter.1 Large aperture optical switches are needed for isolation of stages, switch-out from regenerative amplifier cavities and protection from target retroref1ections. No conventional optical switch technology is scalable to such large apertures. Pockels cells with ring electrodes^ require crystal thickness comparable to the aperture. Thin crystal Pockels cell designs using transparent conducting metallic films^ or liquid layers^ have also been proposed, but have unacceptable resistivity at large apertures or are not appropriate for use with high intensity laser beams. Other approaches include fast Faraday rotators^ or transient volumetric thermal gratings, 6 but still require major technical developments before their feasibility can be evaluated.
We are pursuing a promising new approach to large aperture electro-optical switching which utilizes transparent plasma electrodes.7 A thin electro-optical material is exposed to a glow discharge plasma on each face. The plasma acts as a transparent conductive coating allowing uniform charging of each surface to the required potential. Thus, high aspect ratio electro-optic cells can be constructed.
These might include Pockels cells using linear electro-optic effects in crystals, electro-optically tuned second harmonic generation cells, and quasi-transverse Kerr cells with quadratic electro-optic liquids and glasses. We have demonstrated the plasma electrode concept with a 5x5x1 cm KD*P Pockels cell and are studying plasma characteristics at this aperture and in a 20x20 cm discharge chamber. We have also demonstrated an electro-optically tuned second harmonic switch using Type I KDP in the longitudinal Pockels 1 configuration.^ Presented below are recent results for a 5x5 cm Pockels cell with plasma electrodes and considerations for scaling to larger apertures.
The most promising geometry for Pockels type cells with plasma electrodes is illustrated in Fig. 1 . A pair of electrodes on each side of the crystal is used to establish the initial sheets of glow discharge in low pressure gas covering the entire optical aperture. Since the current flows parallel to the crystal, no electric field is applied along the optical axis and the pre-ionization current does not affect the polarization of the transmitted optical beam. One pair of electrodes can then be used at a later time, once the desired plasma conditions are established, to charge up the crystal to the required voltage. This four electrode design allows one to establish the initial plasma conditions independently of the voltage pulse requirements for electro-optic switching.
Unlike the metallic film or liquid conductors, a plasma is a very nonlinear medium and there are regimes of operation which are highly undesirable. For example, with insufficient pre-ionization, a large jitter in switching time is observed, and copious amounts of r.f. radiation are generated by the cell. At moderate pre-ionization levels plasma resistance is a function of switching voltage and very slow optical rise times are observed for low voltages. However, proper choice of operating parameters with this geometry allows one to obtain rise times in the nanosecond regime and with no observable jitter.
Pockels Cell Experiments
A Pockels cell of the design illustrated in Fig. 1 was constructed and tested. A KD *P crystal 1 cm thick and with an aperture of 5x5 cmz was potted into a plexiglass holder with a two -part silicone elastometer.
The chamber body was constructed from lucite. The two sections were evaluated and filled with gas through separate long coiled polyethylene fill lines in order to electrically isolate the two sides.
Typical fill pressure was 10 Torr of helium.
In order to obtain reproducible electrical performance this system required frequent (A. every 1/2 hr) evacuation and refill.
The most likely reason for this was the outgassing of the lucite parts and the fill lines. Four -electrode geometry for plasma electrode Pockels cells.
Helium gas was chosen for these experiments for two reasons. The ultimate lifetime of the cell will be determined by the destruction of optical surfaces by sputtering due to ion bombardment, which suggests that a lighter ion will lead to significantly longer lifetimes.
Also, a low breakdown voltage and low plasma resistance are also desirable. We saw no damage to the crystal in more than 104 shots at 1 Hz. Gas contamination in our cell had a significant effect on the discharge characteristics and the plasma resistance we observed was higher than expected for pure helium.
The electrical circuit used to pulse the cell is shown in Fig. 2 .
Two separate thyratron switched pulsers were used, one to provide the pre-ionization voltage, and the other, the electro -optic switching pulse. The switching pulse was derived from a pulse charged cable and a self -triggered low inductance spark -gap.
A spark -gap spacing of ti .5 mm with rounded tungsten electrodes, with 'L 40 psi of compressed air gave good pulse-steepening performance.
Voltage pulses of ti 1 nsec rise time and 25 nsec duration at ti 20 kV were delivered to the Pockels cell via a 100 nsec delay line.
The cell was operated as a high impedance load, and thus a voltage doubling of the charged cable voltage occurred at the cell.
Somewhat faster turn on times could have been obtained if a high voltage pulser of twice the voltage was used and the cell was shunted with a 5052 load.
The pre-ionization current was adjusted by varying the pre-ionization voltage from 2.5 to 17 kV and by changing the ballast resistors.
To use the plasma electrode Pockels cell depicted in Fig. 1 as an optical switch, it must be placed between a "polarizer" and an "analyzer ", which are aligned orthogonal to one another and oriented along the x and y crystallographic axes.
The light propagates along the z or optical axis, normal to the crystal face, which is also the direction of the applied electric field.
In this longitudinal electro -optic configuration, with zero potential difference between the crystal faces, no light is transmitted through the switch.
For an instantaneous voltage V(t) across the crystal, the optical transmission through the "analyzer" is given by9 resistance is a function of switching voltage and very slow optical rise times are observed for low voltages. However, proper choice of operating parameters with this geometry allows one to obtain rise times in the nanosecond regime and with no observable jitter.
A Pockels cell of the design illustrated in Fig. 1 was constructed and tested. A KD*P crystal 1 cm thick and with an aperture of 5x5 cnrK was potted into a plexiglass holder with a two-part silicone elastometer. The chamber body was constructed from lucite. The two sections were evaluated and filled with gas through separate long coiled polyethylene fill lines in order to electrically isolate the two sides. Typical fill pressure was 10 Torr of helium. In order to obtain reproducible electrical performance this system required frequent (^ every 1/2 hr) evacuation and refill. The most likely reason for this was the outgassing of the lucite parts and the fill lines. Figure 1 . Four-electrode geometry for plasma electrode Pockels cells.
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Helium gas was chosen for these experiments for two reasons. The ultimate lifetime of the cell will be determined by the destruction of optical surfaces by sputtering due to ion bombardment, which suggests that a lighter ion will lead to significantly longer lifetimes. Also, a low breakdown voltage and low plasma resistance are also desirable. We saw no damage to the crystal in more than 10 4 shots at 1 Hz. Gas contamination in our cell had a significant effect on the discharge characteristics and the plasma resistance we observed was higher than expected for pure helium.
The electrical circuit used to pulse the cell is shown in Fig. 2 . Two separate thyratron switched pulsers were used, one to provide the pre-ionization voltage, and the other, the electro-optic switching pulse. The switching pulse was derived from a pulse charged cable and a self-triggered low inductance spark-gap. A spark-gap spacing of ^ .5 mm with rounded tungsten electrodes, with ^ 40 psi of compressed air gave good pulse-steepening performance. Voltage pulses of ^ 1 nsec rise time and 25 nsec duration at % 20 kV were delivered to the Pockels cell via a 100 nsec delay line. The cell was operated as a high impedance load, and thus a voltage doubling of the charged cable voltage occurred at the cell. Somewhat faster turn on times could have been obtained if a high voltage pulser of twice the voltage was used and the cell was shunted with a 50ft load. The pre-ionization current was adjusted by varying the pre-ionization voltage from 2.5 to 17 kV and by changing the ballast resistors.
To use the plasma electrode Pockels cell depicted in Fig. 1 as an optical switch, it must be placed between a "polarizer" and an "analyzer", which are aligned orthogonal to one another and oriented along the x and y crystal 1ographic axes. The light propagates along the z or optical axis, normal to the crystal face, which is also the direction of the applied electric field. In this longitudinal electro-optic configuration, with zero potential difference between the crystal faces, no light is transmitted through the switch. For an instantaneous voltage V(t) across the crystal, the optical transmission through the "analyzer" is given by9
where V.T is the voltage for a half -wave phase retardation between waves polarized along the "fast" and "slow" electro -optic axes. For uniaxial crystals of tetragonal point group symmetry, including crystals of the KDP isomorphous family, Electrical circuit used to drive the 5x5 cm aperture plasma electrode Pockels cell.
To minimize Fresnel reflection losses at the crystal faces (not accounted for in Eqn. 1) and to increase the optical rise -time performance (to be discussed later), Pockels cells with anti -reflection coated glass plates and index -matching fluid at each crystal to glass interface can be constructed as depicted in where ek is the high frequency dielectric constant of the crystal of thickness d, and ew is the dielectric constant of the windows, each of equal thickness t.
When V(t) in Eqn. 1 is taken as the external applied voltage, the half -wave voltage for the cell,
where V^ is the voltage for a half-wave phase retardation between waves polarized along the "fast" and "slow" electro-optic axes. For uniaxial crystals of tetragonal point group symmetry, including crystals of the KDP isomorphous family, 2n^C Q 63 where r63 is the relevant coefficient of the electro-optic tensor. At a wavelength of 1.064um, for KDP the half-wave voltage is V^ = 19.3 kV, and for 90% deuterated KD*P, VTJ. = 7.4 kV for the "clamped" or high frequency (> 1 MHz) electro-optic effect.TO 0.5 jusec delay 100ns delay line Figure 2 . Electrical circuit used to drive the 5x5 cm aperture plasma electrode Pockels cell.
To minimize Fresnel reflection losses at the crystal faces (not accounted for in Eqn. 1] and to increase the optical rise-time performance (to be discussed later), Pockels cells with anti-ref1ection coated glass plates and index-matching fluid at each crystal to glass interface can be constructed as depicted in 
where e^ is the high frequency dielectric constant of the crystal of thickness d, and ew is the dielectric constant of the windows, each of equal thickness t. When V(t) in Eqn. 1 is taken as the external applied voltage, the half-wave voltage for the cell denoted Vo.f, must be calculated from Eqn. 4 with Vk = Vn taken from Eqn. 2.
The high frequency dielectric constant along the optical axis for KDP is ez = 20 and for 90% deuterated KD *P is cz = 45.
For fused silica windows, ew can range from 3.75 to 4.0. For several large aperture electro -optic switch geometries that we shall consider later, the half -wave voltage for the KDP or KD *P -glass plate sandwich construction will be a factor of 4 to 16 times the bare crystal value. Electro -optic crystal -glass plate sandwich construction and polarizer orientation for high voltage Pockels cells.
In our initial experiments a bare KD *P crystal was used.
The electro -optic effect was observed by probing the cell with a 1 mW beam from a HeNe laser. Crossed polarizers were placed before and after the cell and a fast photomultiplier was used as a detector.
The detection system response time was estimated to be about 20 nsec.
The observed half -wave voltage at 633 nm based on peak transmission through the polarizers was ti 5 kV, in reasonable agreement with a predicted 4.4 kV for a "clamped" (i.e. high frequency) electro -optic effect in 90% deuterated KD *P.
In these preliminary experiments, the circuit used to pulse the cell was similar to that shown in Fig. 2 , without the use of the charged cable and self -triggered spark -gap. The pre-ionization voltage was typically set at 10 kV with 5 kS2 ballast resistors.
The combination of high plasma resistance (1 ti 1.5 kS2 estimate) at the low electro -optic voltage, and the high capacitance of the bare crystal (ti 100 pf), unfortunately resulted in slow optical turn -on times.
The plasma electrode -KD *P crystal combination appeared to be acting as a resistive transmission line. By probing different points of the crystal with the laser we could see a voltage propagation time of '. 50 nsec across the 5 cm aperture, and optical rise -times of ti 100 nsec.
The Pockels cell performance was significantly improved when a fused silica plate, 2.5 mm thick was placed in series with the KD *P crystal, and the pre-ionization level increased above that used with the bare crystal. The plate was glued to one crystal face with the transparent silicone elastometer to provide some index -matching and mechanical stability. The low dielectric constant of the fused silica (c ti 3.75) relative to the bare KD *P (ez % 45) resulted in most of the voltage drop occurring across the fused silica plate.
This raised the effective half -wave voltage of the cell by a factor of 4.0 over the bare crystal value. The capacitance of the KD *P -fused silica sandwich dropped similarly by a factor of 4.0 to 'ti 25 pf.
In these later experiments, the electro -optic effect was probed at high temporal resolution by using a single-frequency beam from an argon -ion laser at 514.5 nm, with a nominal output of 1 watt.
An S -20 biplanar vacuum photodiode was used as a detector and the detection system response time was estimated to be better than 1 nsec.
Figs. 4 and 5 show typical results obtained with the argon -ion laser and the spark -gap steepened pulser circuit.
The oscilloscope trace shown in Fig. 4 is a representative voltage pulse sent to the Pockels cell of nominally 20 kV.
This trace was obtained by picking off the voltage near the beginning of the 100 nsec delay line with a 5 k52 resistive probe. To verify the pulse shape inside the Pockels cell, the crystal was removed and a 5 kS2 resistive probe SPIE Vol 464 Solid State Optical Control Devices (1984) / 67 denoted V 07T , must be calculated from Eqn. 4 with V|< = V w taken from Eqn. 2. The high frequency dielectric constant along the optical axis for KDP is e z = 20 and for 90% deuterated KD*P is e z = 45. For fused silica windows, ew can range from 3.75 to 4.0. For several large aperture electro-optic switch geometries that we shall consider later, the half-wave voltage for the KDP or KD*P-glass plate sandwich construction will be a factor of 4 to 16 times the bare crystal value.
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Glass plates -J Figure 3 . Electro-optic crystal-glass plate sandwich construction and polarizer orientation for high voltage Pockels cells.
In our initial experiments a bare KD*P crystal was used. The electro-optic effect was observed by probing the cell with a 1 mW beam from a HeNe laser. Crossed polarizers were placed before and after the cell and a fast photomultipiier was used as a detector. The detection system response time was estimated to be about 20 nsec. The observed half-wave voltage at 633 nm based on peak transmission through the polarizers was % 5 kV, in reasonable agreement with a predicted 4.4 kV for a "clamped" (i.e. high frequency) electro-optic effect in 90% deuterated KD*P.
In these preliminary experiments, the circuit used to pulse the cell was similar to that shown in Fig. 2 , without the use of the charged cable and self-triggered spark-gap. The pre-ionization voltage was typically set at 10 kV with 5 kft ballast resistors. The combination of high plasma resistance (1 ^ 1.5 kft estimate) at the low electro-optic voltage, and the high capacitance of the bare crystal (^ 100 pf), unfortunately resulted in slow optical turn-on times. The plasma electrode-KD*P crystal combination appeared to be acting as a resistive transmission line. By probing different points of the crystal with the laser we could see a voltage propagation time of ^ 50 nsec across the 5 cm aperture, and optical rise-times of ^ 100 nsec.
The Pockels cell performance was significantly improved when a fused silica plate, 2.5 mm thick was placed in series with the KD*P crystal, and the pre-ionization level increased above that used with the bare crystal. The plate was glued to one crystal face with the transparent silicone elastometer to provide some index-matching and mechanical stability. The low dielectric constant of the fused silica (e % 3.75) relative to the bare KD*P (e z ^ 45) resulted in most of the voltage drop occurring across the fused silica plate. This raised the effective half-wave voltage of the cell by a factor of 4.0 over the bare crystal value. The capacitance of the KD*P-fused silica sandwich dropped similarly by a factor of 4.0 to % 25 pf.
In these later experiments, the electro-optic effect was probed at high temporal resolution by using a single-frequency beam from an argon-ion laser at 514.5 nm, with a nominal output of 1 watt. An S-20 biplanar vacuum photodiode was used as a detector and the detection system response time was estimated to be better than 1 nsec. Figs. 4 and 5 show typical results obtained with the argon-ion laser and the spark-gap steepened pulser ci rcui t.
The oscilloscope trace shown in Fig. 4 is a representative voltage pulse sent to the Pockels cell of nominally 20 kV. This trace was obtained by picking off the voltage near the beginning of the 100 nsec delay line with a 5 kft resistive probe. To verify the pulse shape inside the Pockels cell, the crystal was removed and a 5 kft resistive probe connected across the electrodes.
No significant distortion of the pulse shape was observed. Fig. 5 is an oscilloscope trace of a typical switched -out optical pulse, indicating better than 10 nsec rise -time performance for our 5 cm aperture Pockels cell. The performance of our Pockels cell was limited primarily by plasma resistance, feedthrough inductance and the stray capacitance (ti 25 pf) of the plexiglass crystal holder. An advanced cell design which minimizes stray capacitance, and which has low inductance feed -throughs at the electrodes would be expected to have an optical rise -time of 3 -4 nsec at the 5x5 cm size when pulsed by a 50 2 driver.
A variation of the pre-ionization current was observed to change the initial plasma resistance and thus effect the voltage and optical risetimes. Fig. 6 shows a plot of the observed optical risetime (from 10 to 90 %) for the 5x5 Pockels cell vs. pre -ionization current and indicates the improved risetime performance with increased pre -ionization. Voltage pulse applied to the 5x5 cm Pockels cell. Optical pulse switched out by the 5x5 cm Pockels cell.
To observe discharge behavior and measure plasma resistance on a larger scale we constructed a 20x20 cm aperture cell of the same four -electrode design, with a 1 cm thick lucite plate replacing the KD *P crystal.
The cell was driven with a 5052 line at 75 kV and the propagation of the voltage pulse across the cell was measured with fast high voltage probes.
Even at the lowest pre-ionization levels the propagation time across the cell was less than 20 ns. A 2 cm thick KD *P crystal in a sandwich design with two 5 mm thick fused silica plates has approximately the same capacitance as the 1 cm thick lucite plate, and would reach full charge in about the same time.
Thus, we have good reason to believe that such a large aperture Pockels cell of the four -electrode design will have good optical performance.
Modelling Plasma Electrode Parameters and Optical Performance
The Pockels cell with plasma electrodes can be modeled as a resistive transmission line with a nonlinear, time dependent plasma resistance.
In our design the voltage is applied from one side only.
The propagation of a voltage pulse across the cell is thus governed by the diffusion equation: with appropriate boundary conditions, where R and C are the resistance and capacitance per unit length along the pulse propagation direction x. 
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with appropriate boundary conditions, where R and C are the resistance and capacitance per unit length along the pulse propagation direction x.
For short pulses the plasma resistance per plasma sheet can be approximately expressed
where Ro is the initial resistance determined by the level of pre-ionization, I(t) is the instantaneous current density and A is a coefficient accounting for electron avalanching. In principle, the coefficient A can be calculated from the electron mobility and Townsend's first ionization coefficient. However, because of gas impurities and the complex electrode geometry it is best to determine it empirically. The initial plasma resistance was estimated from the voltage-current characteristics of the pre-ionization circuit.
Since the pre-ionization pulse was sufficiently long for a steady -state discharge to occur, the resistance Ro was only a function of the instantaneous pre-ionization current.
A resistance per cm along the discharge propagation direction of
Ro - (7) cm (7) at 10 Torr was found to best fit the pre-ionization data. Using the coefficient A= 3.10452
amp-1 sec-1 in Eqn. 6 we get reasonable agreement between the experimental data and the optical rise -time calculated from Eqn. 1 and numerical modelling of Eqns. 5 and 6. The solid line plot in Fig. 6 shows the model calculation, assuming a 505E driving line and a cell capacitance of 50 pf. Pre -ionization current (amps) Figure 6 .
Comparison of experimental points with model calculations of optical rise -time from 10 to 90% transmission vs. measured peak pre-ionization current in the 5x5 cm aperture Pockels cell.
Projected Performance of Large Aperture Pockels Cells
The plasma electrode concept is ideally suited to the construction of Pockels cells with apertures greater than 5 cm. Plasma "sheet" electrodes generated in the fourelectrode design apply a uniform electric field over virtually the entire face of the crystal, and thus allow thin crystals to be used. For high intensity laser applications, thin crystal plasma electrode Pockels,cells will have the advantage of substantially lower (by ti 5x) "B "-integral or beam break -up parameter compared to conventional designs.
Thus, considering the many important performance improvements allowed by the plasma electrode concept at large aperture, we will predict the voltage requirements and optical rise -time performance for several realistic large aperture cells. Tables 1 and 2 we shall consider KDP and KD *P (90% deuterated) Pockels cells at square apertures of 5, 15, and 30 cm. Since the optical performance with bare crystal surfaces will be disappointing, we assume that the crystal -glass plate construction illustrated in Fig. 3 will be used.
Specifically, in
A window aspect ratio of nominally 15:1 is assumed for all cases and should provide sufficient window thickness for mechanical strength and good optical figure.
Listed in the tables is the crystal thickness d, the thickness t of each window, the external to internal half -wave voltage ratio Von /Vkn computed from Eqn. 4, and the resulting external half -wave voltage Vol.. where R 0 is the initial resistance determined by the level of pre-ionization, I(t) is the instantaneous current density and A is a coefficient accounting for electron avalanching. In principle, the coefficient A can be calculated from the electron mobility and Townsend's first ionization coefficient. However, because of gas impurities and the complex electrode geometry it is best to determine it empirically. The initial plasma resistance was estimated from the voltage-current characteristics of the pre-ionization circuit. Since the pre-ionization pulse was sufficiently long for a steady-state discharge to occur, the resistance R 0 was only a function of the instantaneous pre-ionization current. A resistance per cm along the discharge propagation direction of R (7) 3QQft -1 I(amp) cm at 10 Torr was found to best fit the pre-ionization data. Using the coefficient A=3.10 4 ft amp~^ sec~l in Eqn. 6 we get reasonable agreement between the experimental data and the optical rise-time calculated from Eqn. 1 and numerical modelling of Eqns. 5 and 6. The solid line plot in Fig. 6 shows the model calculation, assuming a 50ft driving line and a cell capacitance of 50 pf. Pre-ionization current (amps) Figure 6 . Comparison of experimental points with model calculations of optical rise-time from 10 to 90% transmission vs. measured peak pre-ionization current in the 5x5 cm aperture Pockels cell.
Projected Performance of Large Aperture Pockels Cells
The plasma electrode concept is ideally suited to the construction of Pockels cells with apertures greater than 5 cm. Plasma "sheet" electrodes generated in the fourelectrode design apply a uniform electric field over virtually the entire face of the crystal, and thus allow thin crystals to be used. Conventional ring-electrode Pockels cells are commercially available up to 10 cm in diameter, but require ^ 850 cm^ of single crystal material, have a limited contrast ratio of ^ 200:1, and a high single-pass loss of ^ 7%. For high intensity laser applications, thin crystal plasma electrode Pockel s, eel 1 s will have the advantage of substantially lower (by ^ 5x) "B"-integral or beam break-up parameter compared to conventional designs. Thus, considering the many important performance improvements allowed by the plasma electrode concept at large aperture, we will predict the voltage requirements and optical rise-time performance for several realistic large aperture cells. Tables 1 and 2 we shall consider KDP and KD*P (90% deuterated) Pockels cells at square apertures of 5, 15, and 30 cm. Since the optical performance with bare crystal surfaces will be disappointing, we assume that the crystal -gl ass plate construction illustrated in Fig. 3 will be used. A window aspect ratio of nominally 15:1 is assumed for all cases and should provide sufficient window thickness for mechanical strength and good optical figure. Listed in the tables is the crystal thickness d, the thickness t of each window, the external to internal half-wave voltage ratio computed from Eqn. 4, and the resulting external half-wave voltage V 07r .
Specifically, in
In the limit that the plasma resistance is negligible, the Pockels cell charges up as a simple RC circuit with rise -time to 95% of full voltage at t,95 = 3.0 RC.
Here, R is the impedance of the driver and C is equal to the total cell capacitance Ctotal. From Eqn. 1 it is easily shown that the 95% rise -time of the optical transmission is t,95 = 1.94 RC.
In Tables 1 and 2 we calculate the limiting optical rise -time 1.94 RC and compare with the computed t.95 when the plasma resistance is included.
To make a realistic assessment of the optical performance, the time t,95 for the optical transmission Specifically, we high voltage pulser. resistance at the and far edges of of the crystal illustrates A pre-ionization calculating the for the 5 and 15 30 cm aperture cell impedance load.
Dimensions t to exceed 95% over the entire crystal face will be calculated. shall determine this at the farthest edge of the crystal from Fig. 7 is a model computation that shows the effect of 30x30 cm aperture on the differential charging rates between the crystal. A 4 nsec difference in t,95 times for the opposite the importance of choosing t,95 at the far edge. current of 4 amps per cm of electrode length, will be assumed initial plasma resistance per sheet from Eqn. 7.
The high voltage cm aperture cells will be assumed to have 5012 impedance, and a 2552 impedance.
The cell will be taken as an unterminated, Tables 1 and 2 indicates that the KDP Pockels cells have a slight performance advantage over the KD *P cells at the expense of 25% higher operating voltage. This is due to a lower capacitance of the KDP cells, and a higher half -wave voltage of the KDP compared to KD *P, which results in stronger electron avalanching during the switching pulse that charges -up the crystal.
The factor of 3 to 4 difference between the rise -times calculated from the plasma resistance model and the 1.94 RC value illustrates the significance of the plasma resistance.
With a less conservative pre-ionization current, the rise -time can be made to approach the limiting value. This is shown in Fig.  8 which plots predicted optical rise -time to 95% vs. the pre-ionization current at the 30 cm aperture for 2552 and 5052 drivers.
For uniform pre -ionization it is probably best to work at the lower currents, but this will depend on the specific gas, trace impurities, and the electrode configuration.
We should note that the model computations based on Eqn. 5 completely neglect inductive transmission line effects.
These become important when the predicted rise -time t,95
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In the limit that the plasma resistance is negligible, the Pockels cell charges up as a simple RC circuit with rise-time to 95% of full voltage at t.95 = 3.0 RC. Here, R is the impedance of the driver and C is equal to the total cell capacitance Ctotal' From Eqn. 1 it is easily shown that the 95% rise-time of the optical transmission is t,g5 = 1.94 RC. In Tables 1 and 2 we calculate the limiting optical rise-time 1.94 RC and compare with the computed ^95 when the plasma resistance is included.
To make a realistic assessment of the optical performance, the time t.95 for the optical transmission to exceed 95% over the entire crystal face will be calculated. Specifically, we shall determine this at the farthest edge of the crystal from the main high voltage pulser. Fig. 7 is a model computation that shows the effect of plasma resistance at the 30x30 cm aperture on the differential charging rates between the near and far edges of the crystal. A 4 nsec difference in t.95 times for the opposite edges of the crystal illustrates the importance of choosing t.gs at the far edge.
A pre-ionization current of 4 amps per cm of electrode length, will be assumed in calculating the initial plasma resistance per sheet from Eqn. 7. The high voltage driver for the 5 and 15 cm aperture cells will be assumed to have 50ft impedance, and for the 30 cm aperture cell a 25ft impedance. The cell will be taken as an unterminated, high impedance load. Tables 1 and 2 indicates that the KDP Pockels cells have a slight performance advantage over the KD*P cells at the expense of 25% higher operating voltage. This is due to a lower capacitance of the KDP cells, and a higher half-wave voltage of the KDP compared to KD*P, which results in stronger electron avalanching during the switching pulse that charges-up the crystal. The factor of 3 to 4 difference between the rise-times calculated from the plasma resistance model and the 1.94 RC value illustrates the significance of the plasma resistance. With a less conservative pre-ionization current, the rise-time can be made to approach the limiting value. This is shown in Fig.  8 which plots predicted optical rise-time to 95% vs. the pre-ionization current at the 30 cm aperture for 25ft and 50ft drivers. For uniform pre-ionization it is probably best to work at the lower currents, but this will depend on the specific gas, trace impurities, and the electrode configuration.
We should note that the model computations based on Eqn. 5 completely neglect inductive transmission line effects. These become important when the predicted rise-time t.gs becomes comparable to the transit time of an electromagnetic pulse across the cell aperture.
For the crystal -glass sandwich geometries considered here the transit time is approximately 0.1 nsec per cm.
The predicted rise -times given in Tables 1 and 2 must be convolved with the transit time to account for inductive effects.
An approximate value can be obtained by adding the transit time to the predicted rise -time in a root -meansquared sense.
The correct way to solve this problem is by adding the inductive term to the right -hand side of Eqn. 5.
For estimating optical performance at apertures greater than 30 cm we intend to handle it that way in future work.
--Near crystal edge Model calculations of optical signal (transmission) vs. time for a 30x30 cm aperture KDP Pockels cell at points on the near ( ----) and far ( ) edges of the crystal face, from the main high voltage pulser electrodes.
A pre-ionization current of 120 amps per plasma sheet is assumed.
Pre -ionizing current (amps) Figure 8 .
Model calculations of optical rise -time to 95% transmission for a 30x30 cm aperture KDP Pockels cell vs. the pre-ionization current per plasma sheet.
Calculations are performed for a 5052 and a 2552 driver. becomes comparable to the transit time of an electromagnetic pulse across the cell aperture. For the crystal-glass sandwich geometries considered here the transit time is approximately 0.1 nsec per cm. The predicted rise-times given in Tables 1 and 2 must be convolved with the transit time to account for inductive effects. An approximate value can be obtained by adding the transit time to the predicted rise-time in a root-meansquared sense. The correct way to solve this problem is by adding the inductive term to the right-hand side of Eqn. 5. For estimating optical performance at apertures greater than 30 cm we intend to handle it that way in future work. A sandwich of KDP or KD *P with fused silica plates is a base -line large aperture design that can yield good optical performance.
However, in a high intensity laser system one will have to leave a fixed gap between the crystal and glass plate surfaces and fill them with an appropriate index matching fluid. To minimize the stress -induced-optical distortions in the plates the index -matching fluid must be maintained at the pressure of the gas fill.
This significantly complicates the mechanical design of a large aperture plasma-electrode Pockels cell.
Consequently, what is desirable for this type of switch is a "hard" material with electro -optic coefficient lower than KDP, with lower dielectric constant (the two are usually related) and good materials properties for high intensity laser operation.
A search for practical electro -optic materials of this sort which would not require index -matching fluid or the sandwich geometry, which can be thin film anti -reflection coated is now in progress.
A sandwich of KDP or KD*P with fused silica plates is a base-line large aperture design that can yield good optical performance. However, in a high intensity laser system one will have to leave a fixed gap between the crystal and glass plate surfaces and fill them with an appropriate index matching fluid. To minimize the stress-induced-optical distortions in the plates the index-matching fluid must be maintained at the pressure of the gas fill. This significantly complicates the mechanical design of a large aperture plasma-electrode Pockels cell.
Consequently, what is desirable for this type of switch is a "hard" material with electro-optic coefficient lower than KDP, with lower dielectric constant (the two are usually related) and good materials properties for high intensity laser operation. A search for practical electro-optic materials of this sort which would not require index-matching fluid or the sandwich geometry, which can be thin film anti-ref1ection coated is now in progress.
